Abstract: Nonlinear Cherenkov radiation plays an important role in detecting the internal structure of the ferroelectric crystal. However, linear Cherenkov radiation in the ferroelectric crystal was not observed before. Based on mirror symmetry reduction at the domain walls, we theoretically predicted that the linear Cherenkov radiation could be generated in periodically 
Introduction
In particle physics, the coherent electromagnetic wave can be emitted when the velocity of a charged particle exceeds the light velocity in a non-vacuum transparent medium, known as the traditional Cherenkov radiation (CR) [1] . Not only in particle physics, the phenomenon of such CR has been investigated in the field of the nonlinear optics, which terms as the nonlinear Cherenkov radiation (NCR) [2] . Compared with the CR process of accelerated charged particles, the radiation source of NCR is not a point particle, but a spatially extended collection of dipoles driven by the incident light field, that is the polarization P  . In recent years, NCR has attracted considerable interest [3] and it has been observed in a variety of nonlinear photonic crystals (NPCs), such as one-dimensional periodical, square, hexagonal lattices, annular, periodical or even random structures [4] [5] [6] [7] . So far, it has been widely applied to domain walls imaging [8, 9] , high-order harmonic generation [10, 11] , sumfrequency generation [12] , ultrashort pulse characterization [13] , and so on. In previous study on NCR, domain walls as the ultrathin planar material in periodically poled ferroelectrics generate stronger NCR than single-domain area [14] . The mechanism of enhanced process in domain walls may be attributed to the new enhanced susceptibility tensor elements owing to the lattice distortion or the localized internal electrical field at domain walls [15, 16] . In addition, some specific properties, such as conductive and photovoltaic characteristics also have been demonstrated on domain walls [15, 17] . In the previous research, the break of mirror symmetrical property has been verified in the domain walls [18] . In this paper, based on the mirror symmetry reduction of domain walls, we theoretically predict that the linear Cherenkov radiation (LCR) could be generated in ferroelectric crystal according to the coupled wave equation. Then, we experimentally demonstrate the generation of such LCR in the domain walls. As far as we know, this is the first time to observe the LCR in the domain walls structure. According to our analysis, the modulation of the domain walls to the LCR is similar to the nonlinear process. Comparing with the domain region, new nonzero elements 13 χ , 23 χ , 31 χ and 32 χ appear in the linear susceptibility tensor of domain walls, which is consistent with theoretical prediction.
Theoretical prediction
For linear processes in bulk LiNbO 3 , the linear polarization wave P can be expressed by the incident wave E and the linear susceptibility (1) χ in the form of 
where 0 ε is the vacuum permittivity.
In Eq. (1), the underlined zero elements are determined by the mirror inversion symmetry with respect to y-z plane. However, in Ref [18] , we have demonstrated that the mirror symmetrical property in the domain walls were broken. Hence, the underlined elements are not equal to 0. In such situation, without loss of generality, we assume that 13 0 χ ≠ .
Supposing the incident light is e-polarized Gaussian wave z E with width a , and the opolarized light can be emitted and expressed as x E′ . The coupling between the two beams is governed by the element 13 χ , which spatially depends on x. As shown in Fig. 1(a) , ( ) g x is the periodic function representing the distributed function of 13 χ , ( ) g x is equal to 0 except in domain walls, Λ is the poling period and d is the width of the domain wall. The x component of displacement vector D′ satisfies
In such process, the relevant amplitude of emitting wave is written as
Under the slowly varying envelop approximation, the evolution of the amplitude of opolarized emitting wave in the crystal can be written as: 
where
is the transverse wave vector of the emitting wave as shown in Fig. 1(b) , k k k ′ Δ = − is the phase mismatch between incident and emitting waves, γ is the radiation angle, and ( ) erf x is the Gauss error function. Equation (4) indicates that, the sinc function is maximum when 2 / 2 0
By using the approximate expression
From the geometrical relationship, the relation is deduced to
, which is exactly the longitudinal phase-matching condition of Cherenkov radiation process as shown in Fig. 1(b) . Therefore, such discontinuous distribution of nondiagonal elements of linear susceptibility tensor leads to the LCR. That means, when a polarized light propagates in the crystal, it can stimulate the linear polarization wave, resulting in radiating the light with different polarization state in the Cherenkov direction, as shown in Fig. 1(c) .
According to Eq. (4), we simulate the intensity distribution of the emitted wave in PPLN, as shown in Fig. 2(a) . The internal radiation angle of the efficient emitting light is 17°. The emitted light also has a component along y direction, the form of expression y E′ is similar to x E′ which is related to 23
χ . In Fig. 2(b) , we show the relationship between the intensity of LCR and the thickness of domain wall. According to the simulation, the corresponding domain wall thickness of the maximum LCR intensity is about 0.4 m μ . However, the width of ferroelectric domain wall is only several lattice units [19, 20] . Hence the LCR is relatively weak in the actual experiment. 
Experimental results and discussion
In our experiment, a mode-locked Nd:YAG laser (532 nm) producing about 10.5-ns pulses with 5 mJ per pulse energy at a repetition of 1 kHz was used as the source. We used the z-cut (z axis is the polar axis of the crystal) periodically poled 5 mol% MgO:LiNbO 3 of the size of 20 × 4 × 1 mm 3 (x × y × z). The domain walls of PPLN were parallel to the y-z plane. The poling period Λ was 30 μm and the duty ratio was 1:1. The incident light was loosely focused into the sample by a 100-mm focal lens. The focus size of the incident light is about 100 micrometers. A polarizer was utilized to check the polarization of the emitted light.
The e-polarized laser beam, whose polarization is along z-axis, propagates along y-axis of the PPLN. The schematic of the experimental setup to realize the LCR in PPLN is shown in Fig. 3(a) . According to the Sellmeier equation, the refractive index of the o-polarized incident light ( 2.33 o n = ) is larger than the e-polarized light ( 2.23 e n = ). It means that the polarization wave excited by the incident light propagates faster than the o-polarized light. Therefore, if the LCR can be generated, the o-polarized beam would be observed at the linear Cherenkov angle 1 2 arccos
The experimental result is shown in Fig. 1(b) . An e-polarized spot and a pair of o-polarized Cherenkov spots located in the center and two sides on the screen, respectively. The angle between LCR spot and incident light is about 41.7°, it can be converted into internal angle 16 .6°, which is in well agreement with the calculated internal Cherenkov angle 17° in PPLN.
Considering the oblique beam of the generating LCR spots, the electric component contains x E and y E . According to Eq. (1), we can obtain 13 0 χ ≠ and 23 0 χ ≠ in the (1) χ tensor of domain walls, which is consistent with our previous prediction about 13 χ in the part of theoretical prediction. By tuning the incident angle β , o-polarized wave could be observed at different radiation angles. Figure 3(c) shows the relationship between external LCR angle and the incident angle, in which the experimental results are in well agreement with the theoretical calculation. The polarization state of incident light is changed to be o-polarized. When the incident light is perpendicular to the domain wall ( o e k k > ), the LCR cannot be generated. However, due to the modulation effect of the domain wall, the phase velocity of polarization wave can be tuned from the velocity of incident light to infinity by changing the incident angle β with respect to the domain wall [18, 20] . In this situation, the wave vector of linear polarization wave is p k kcosβ = along the domain wall direction. The phase velocity is / p v v cosβ = and the LCR angle γ satisfies:
where k′ is the wave vector of LCR, n and n′ denote the refractive index of the incident and emitted light, respectively. The recorded patterns with different external incident angles 0°, 15°, 42.2° and 48.9° are presented in Fig. 4(a) . The relationship between external incident angle α and internal angle β is sin . In stage I, the phase velocity of linear polarization wave does not exceed the e-polarized wave. The LCR condition cannot be satisfied and the phase-matching geometry is shown in the left of Fig. 4(b) . In this situation, the LCR generated by two subcarriers on the domain wall cannot constructively interfere, hence, the LCR cannot be observed. The corresponding experimental results are shown in the first and second row of Fig. 4(a) . In stage II, the phase-matching condition shows in the middle of Fig. 4(b) . In this stage, the incident angle just reaches the critical angle ( 16.8 β°= ) of the LCR. Therefore, only a collinear e-polarized LCR spot, which terms as the degenerate LCR, is observed in the experiment, as shown in the third row of Fig. 4(a) . While in stage III, the phase velocity of linear polarization wave exceed the e-polarized wave and the phasematching condition shows in the right of Fig. 4(b) . Therefore, the generated e-polarized LCR splits into two spots. The experimental result of the case of external incident angle 48.9 α°= is illustrated in the last row of Fig. 4(a) . The relationship between external LCR angle and external incident angle is shown in Fig. 4(c) χ cannot be determined in our experiment. Not limited in PPLN crystal, such LCR could also be observed in other optical interface. In our experiment, the conversion efficiency of the LCR is relatively weak. It attribute to the thickness of domain walls, which only several lattice units. One possible method to increase such LCR intensity is to artificially fabricate a similar domain walls structure with thickness of 0.4 m μ .
Conclusion
In this work, we derive the existence of non-diagonal elements of (1) χ tensor in domain walls according to previous study about mirror symmetry reduction of domain walls. At the condition of the existing of the new nonzero elements, we theoretically verify the emitting light is LCR according to the coupled wave equation. Such discontinuous distribution of nondiagonal elements of linear susceptibility tensor leads to the LCR phenomenon. Then, we experimentally demonstrate the LCR generation in ferroelectric domain walls and analyze the modulation effect of domain walls.
